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Two Dimensional Analysis of Flow Patterns and Dispersion in
Meandering Channels
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ABSTRACT: In this research, both laboratory and numerical studies were performed to reveal effects of
the secondary flow on flow structure and dispersion of pollutant in curved channels. From the analysis of
experiments, primary flows and tracer dispersion have been visualized. For the numerical simulation,
two-dimensional FEM models, SMS and RAMS, have been applied. Experimental results revealed that,
in the S-curved channel with rectangular cross-section, primary flow skews toward the inner bank at the
bends whereas, at the crossovers, flow is symmetric. The maximum velocities were occuring along the
shortest course of the S-curved channel. The tracer cloud generally follows the path of the maximum ve-
locity. At the first bend, high concentration was detected near the left bank. Passing the crossover, the
tracer cloud moves along the centerline of the channel. Then, the tracer cloud moves to the inner bank at
the second bend. The numerical simulation showed that simulated velocity vectors are in good agree-
ments with observed data.
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1 INTRODUCTION 2 RESEARCH BACKGROUND
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glg tn\Yartlfr 10 flt Varrll(zius P i(éll?l;a?ti lfrom Sfe?a%e Fischer (1969), for the first time, suggested flow

catment plants and accidental refease ol 1oxic features to the transverse dispersion coefficient
materials. Thps, 1L 1s necessary to p redict accurate- considered bend effects. Chang (1971) conducted
ly the behawor_ of pollgtants Whl(.:h are d.l SPEIsIg laboratory experiments with the S-curved channel
and moving with flowing water in the rivers. To to obtain the transverse dispersion coefficient con-

51mulate‘ complex flow and mass transport n sidering the secondary flow effects. A theoretical
meandering channels, a 3D hydrodynamic model R
approach which in another methodology for eva-

15 requlreq. However, for p ragtlcal ehgineering luating the transverse dispersion coefficient in
problems in shallow and long rivers, a 2D model cases of having no concentration data was pro-

tciogld bg used ‘greattIyI reducing computational ef- posed, for the first time, by Fischer (1969) using
0 IS at?l' experlming expef[nsets,. d di . the transverse velocity equation of Rozovskii
h TS Tesearch, How Structure and dispersion 957y pecently, Boxall and Guymer (2003) sug-

of pollutant in curved channels were analyzed . . S .
gested new theoretical equation which is derived

through laboratory and mumerical studies. In the £ " ethod of Chickendu (1986). Summary
laboratory experiments, flow and tracer dispersion . . .
of assumptions and results of previous studies

were measured using robust techniques. The mu- L0 . Speen nvolved with this study have
merical simulation was performed using the two- b .
een represented in Table 1.

dimensional FEM models.

145



Table 1. Experimental analysis of mixing in channels

Researcher Channel Specific results

Elder (1959) Straight - ey HU, =023

Fischer (1969) Meander - derived theoretical form

Chang (1971) Meander - proposed empirical equation

Miller & Richardson (1974) Straight =Dy ey >100

Krisnappan & Lau (1977) Meander | -0222 < D, /WU, 0416 > Dy /WU,

Lau & Krisnappan (1977) Straight - suggested using Dy /WU, instead of Dy | HU,

Webel & Schatzmann (1984) Straight - criticized results of Lau & Krisnappan (1977)

Almquist & Holley (1985) Meander - transverse dispersion coefficient increases in natural cross section
Nokes & Wood (1988) Straight - transverse dispersion coefficient is dependent of a friction factor
Boxall & Guymer (2003) Meander - conducted with setups natural cross-section

Boxall et al. (2003) Meander - transverse dispersion coefficient varies in direction of channel curvature

2.2 Numerical Analysis

Numerical models have been developed for de-
scribing circulation phenomena and the solute
transport in the meandering open channel flows.
McGuirk and Rodi (1978) developed a depth-
averaged model for the near field calculations of
the flow and concentration distribution by side
discharges of the pollutant into open-channel
flow. Duan (2004) derived a dispersion term for
the depth-averaged 2D model in Cartesian coordi-
nates and used the Schmidt number as a calibra-
tion parameter to simulate mass dispersion in
meandering channels. The model by Duan (2004)
was applied to the experiments of Chang (1971) to
test the capability of the model to simulate mass
transport in meandering channels.

3 NUMERICAL MODEL

3.1 RAMS

RAMS (River Analysis and Modeling System) is
2D river flow analysis software package which
consists of river flow analysis model (RAM2),
pollutant transport model (RAM4), bed elevation
change model (RAMO6), and graphic user interface
(RAMS-GUI). This software can simulate the
movements of water, pollutant, and sediment in
natural rivers with complex topography by 2D fi-
nite element numerical calculations with underly-
ing consistency and generality. This software
would provide accurate and stable solutions to
open channel flow equation, and mass transport
equation for various types of problems. Details
about governing equations of RAMS package can
be confirmed in website (http://www.rams.or.kr).
Flow model, RAM2, is a finite element model
based on Streamline Upwind / Petrov — Galerkin
(SU/PG) scheme for analyzing and simulating
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two-dimensional flow characteristics of irregular
natural rivers with complex geometries. The go-
verning equations are
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where /4 is water depth, © and v are ve-
locities in the x, y directions respectively, i
is infiltration capacity, g is the gravity accelera-
tion, S, and S, are hydraulics .

The type of elements in a mesh can be a trian-
gular, quadrilateral or mixed one. A triangular
element could have either 3-nodes or 6-nodes and
a quadrilateral element either 4-—nodes or 8-nodes.
This mesh can be constructed from DEM and TIN
format in the tools of GIS.

RAM4 is a FEM model for pollutant transport
analysis in two-dimensional flow fields and it is
developed based on the depth-averaged mass
transport equation. It can calculate the advection
and dispersion of injected substances in a two-
dimensional flow field. This engine can treat the
conservative or non-conservative substances as
pollutant tracers.
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where ¢ is unknown variable which denotes
solute concentration in this model, ¢ the fluid
velocity vector, and D the diffusion/dispersion
tensor.

3.2 RMA-2

RMA?2 and is the 2D depth-averaged finite ele-
ment hydrodynamic model of commercial soft-



ware SMS (Surface-water modeling system. It
computes a finite element solution of the Rey-
nolds form of the Navier-Stokes equations for tur-
bulent flow. Friction is calculated with the Man-
ning’s or Chezy equation, and eddy viscosity
coefficients are used to define turbulent characte-
ristics. In this model, both steady and unsteady
state problems can be simulated. The generalized
computer program RMA2 solves the depth-
integrated equations of fluid mass and momentum
conservation in two horizontal directions. The
forms of governing equations are
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where p is density of fluid, E_ is eddy vis-
cosity coefficient for normal direction on x axis
surface, £, is for normal direction on y axis
surface, £, and E  is for shear direction on
each surface, g is acceleration due to gravity,

is elevation of bottom, » is roughness coef-
ficient in Manning’s formula, ¢ is empirical
wind shear coefficient, ¥, is wind speed, @ is

rate of earth’s angular rotation, and ¢, is local la-
titude.

4 EXPERIMENTS

4.1 Laboratory Setup

In this study, flow and tracer experiments were
conducted in the S-curved meandering laboratory
channel with a rectangular cross-section which is
16.5 m long, 1 m wide, and 0.6 m high. It consists
of two circular bends connected by straight sec-
tions as shown in Figure 1. The radius of curva-
ture of the bend region is 2.0 m, the wavelength is
7.5 m, and the arc angle is 150°. Meander proper-
ties of the laboratory channel were selected consi-
dering previous studies which are listed in Table
2. Velocity and solute concentration were meas-
ured by micro-ADV (Acoustic Doppler Velocime-

try) and the electrode conductivity meter respec-
tively. As the tracer, salt solution was used. The
density of the salt solution was adjusted to that of
the flume water by adding methanol. The tracer
solution can be instantaneously injected into water
flow as a full-depth vertical line source by using
the instantaneous injecting cylinder. The initial
concentration of the tracer was 100,000 mg/¢. The
interval of concentration measuring points at each
section was about 7 cm in the transverse direction.
Vertically, concentration was measured at a point
located 60 % of the depth above the bottom for
shallow water conditions (H = 15, 20 cm). For
deep water conditions (H = 30, 40 cm), concentra-
tion was measured at two points, 20 % and 80% of
the depth above the bottom. Total of 12 cases of
tracer tests were performed as listed in Table 3.

Table 2. Properties of meander pattern of previous and this
research
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Sin
Researcher R./W | 6 | A/W AIR,
Leopold &
2.3 - 10.9 4.7 -
Wolman (1960)
1.1
Chang (1971) 3.6 90 - - ;
Krishnappan & 0.6 63 3
Lau (1977) ~22 ' ~10.8
Almquist & 1.3
3 125 12 4
Holley (1985) 0
1.2
Guymer (1998) 3.5 120 13.7 3.9 ;
1.3
Seo et al. (2004) 24 120 9.7 4 5
1.5
This study 2.0 150 7.5 3.8 P
Table 3. Hydraulic conditions
Case ho(em) | 4 (cmys) | @ (Ws) | Fr
B151 15 10 15 0.08
B152 15 20 30 0.16
B153 15 40 60 0.33
B201 20 7.5 15 0.05
B202 20 15 30 0.11
B203 20 30 60 0.21
B301 30 5 15 0.03
B302 30 10 30 0.06
B303 30 20 60 0.12
B401 40 3.75 15 0.02
B402 40 7.5 30 0.04
B403 40 15 60 0.08
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Figure 1. Sketches of S-curved laboratory channel (upper: plan view, lower: side view; unit: cm)

4.2 Experimental Results

In Figure 2, velocity data detected in the S-
curved channel were expressed by two dimen-
sion-al vector profiles at the test sections
(S1~S12). In this figure, it is noteworthy that
transverse distribution of the primary velocity
skews toward the inner bank at the bends and at
the crossovers, al-most symmetric. The maxi-
mum velocities in each transverse section were
detected along the shortest course of the channel.
This flow pattern is opposite to the flow charac-
teristics found in the natural meandering chan-
nels. The reason of this discrepancy in the flow
pattern is that experiments were conducted on
the rectangular cross-section channel, whereas
the cross-sectional shape of the natural stream is
usually triangular, and skewed to the outer bank.

In Figure 3, contours of the concentration
tracer cloud for Case B202 (H = 20 cm, Q = 30
(/sec) were plotted. In the tracer tests, concentra-
tion data were collected at the sampling points as
a function of time. All concentration data were
filtered by the moving average to reduce the me-
chanical noise. In order to visualize the behavior
of the tracer clouds, the spatial contours which
were made by the interpolation technique
through the concentration-time data were gener-
ated.

b) Case B302

Figure 2. Vector maps of primary velocity profiles
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Figure 3. Concentration contours of tracer cloud in case B202 (H= 20 cm)

Figure 3 illustrated that entering the first bend,
high concentration was detected near the left (in-
ner) bank. At the first apex, the tracer cloud sepa-
rates into two parts and the main part skews to-
ward the left bank which is the inner bank in the
first bend. The residual part remains the outer
bank. Passing the crossover between the first bend
and second bend, the tracer cloud moves along the
centerline of the channel. Then, entering the
second bend, again, high concentration was ob-
served near the inner bank. Based on this finding,
it could be maintained that even through tracer
cloud travels following the maximum primary

149

flow, it separates both in longitudinal and trans-
verse directions due to alternating secondary cur-
rents. Thus, secondary flow effects should be in-
corporated in the estimation of longitudinal and
transverse dispersion coefficients.

5 NUMERICAL SIMULATIONS

In this study, flow characteristics of the S-curved
channel were analyzed using numerical models,
RAM?2 and RMA-2. Meshes for numerical simula-



tion were given in Figure 4, and propertied of the
meshes were listed in Table 4.

In Figure 5, vector maps along with contours of
two dimensional primary velocities were plotted.
This figure showed that simulated results are in
good agreements with observed velocity data giv-
en in Figure 2. In this figure, one can find that
the primary flow skews toward the inner bank at
the bends. At the crossovers, flow is almost sym-
metric. Thus, in this figure, the maximum veloci-
ties were found along the shortest course of the
channel.

Magnitudes of primary flow of the simulated
and observed results at the first bend (S4) and
second bend (S9) were compared in Figure 6. In
this figure, predicted values by both models are in
good agreements with the experimental data in the
apex of the bends even though RMA-2 model

overestimates the experimental result while
RAM?2 model underestimates it.
Table 4. Properties of geometries (RAM2, RMA-2)
RAM?2 RMA-2
Nodes 2625 7729
Element 2480 2480
Element Rectangular Rectangular
type (linear basis ele- (quadratic basis ele-
ment) ment)

a) RAMS

b) SMS
Figure 4. Meshes for simulation with FEM

a) Velocity profile using RAM2

"

b)_- _\;élocity profile using RMA-2

Figure 5. Vector maps of velocity profiles
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6 CONCLUSIONS AND FUTURE WORKS

In this research, flow and dispersion characteris-
tics in the curved channel were investigated by
experiments and numerical models. Flow experi-
ments revealed that, in the S-curved channel with
rectangular cross-section, primary flow skews to-
ward the inner bank at the bends whereas, at the
crossovers, flow is symmetric. Further, the maxi-
mum velocities were found along the shortest
course of the S-curved channel. The dispersion
experiments illustrated that the tracer cloud gener-
ally followed the path of the maximum velocity.
At the first bend, high concentration was detected
near the left bank. Passing the crossover, the tracer
cloud moves along the centerline of the channel.
Then, entering the second bend, again, high con-
centration was observed near the inner bank.

The numerical simulation showed that simu-
lated results are in good agreements with observed
velocity data. The predicted values by both mod-
els are in good agreements with the experimental
data in the apex of the bends even though RMA-2
model overestimates the experimental result while
RAM?2 model underestimates it.
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